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Abstract
The impact of climate trends during the period 1901–2009 on the life cycle of Hyalomma
marginatum in Europe was modeled to assess changes in the physiological processes of
this threat to public health. Monthly records of temperature and water vapour at a resolution
of 0.5° and equations describing the life cycle processes of the tick were used. The climate
in the target region affected the rates of the life cycle processes of H.marginatum: develop-
ment rates increased, mortality rates in molting stages decreased, and the survival rates of
questing ticks decreased in wide territories of the Mediterranean basin. The modeling
framework indicated the existence of critical areas in the Balkans, central Europe, and the
western coast of France, where the physiological processes of the tick improved to extents
that are consistent with the persistence of populations if introduced. A spatially explicit risk
assessment was performed to detect candidate areas where active surveys should be per-
formed to monitor changes in tick density or persistence after a hypothetical introduction.
We detected areas where the critical abiotic (climate) and biotic (host density) factors over-
lap, including most of the Iberian peninsula, the Mediterranean coast of France, eastern
Turkey, and portions of the western Black Sea region. Wild ungulate densities are unavail-
able for large regions of the territory, a factor that might affect the outcome of the study. The
risk of successfully establishing H.marginatum populations at northern latitudes of its cur-
rent colonization range seems to be still low, even if the climate has improved the perfor-
mance of the tick in these areas.
Introduction
The inexorability of the changing climate and the threats it may pose by affecting the rates of
transmission of tick-borne pathogens have encourage researchers to evaluate the adaptive
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potential of health-threatening arthropods in a changing climate [1–3]. The spatial distribution
of organisms has often been modeled by linking presence—absence data with sets of climate
and/or topographic variables (e.g., temperature, rainfall, fragmentation of the habitat), com-
monly known as abiotic variables, to capture the so-called abiotic niche and project it onto the
geographical space. This is called correlative modeling, and it produces a spatial estimation of
the similarity of the abiotic variables relative to the values recorded for the known distribution
of the organism [4–6]. Therefore, it is an evaluation of the spatial abiotic suitability of the
studied organism.
Ticks are important parasites that affect domestic and wild animals and also have an impact
on public health [7–9]. Ticks are strict haematophagous arthropods and play an important role
in the transmission of a number of parasites, bacteria, and viruses [10,11]. The tick life cycle
comprises three active stages, each one feeding on a different host in most species. Some species
may have a one- or two-hosts life cycle, molting while attached to the host [10]. Once fed, ticks
molt in the relatively protected environment of the ground. Development (molting) rates are
governed by temperature, whereas mortality rates are driven primarily by water availability, al-
though some authors pointed out the effect of water availability on small differences recorded
for development periods [12,13]. While questing for hosts, ticks may lose water at different
rates. Thus, the complex life cycle of ticks results from a combination of interactions, including
an array of hosts for immature and adult stages, geographic variability in the host range, cli-
mate trends, and alterations in landscape and vegetation that affect the weather [14].
Hyalomma marginatum is a tick restricted to large areas of the Mediterranean basin and
Middle East [15,16]. The larvae and nymphs feed on small- and medium-sized mammals (e.g.,
hares, hedgehogs, and rodents) and ground-feeding birds [17]. Adults feed on larger mammals
such as livestock and wild ungulates [18]. The long duration of tick attachment to host during
the immature stages (12–26 days) [19] enables passive transport by migrating birds over long
distances [20]. Records of ticks on migratory birds have been reported [20,21] and this causes
concern about the persistence of the introduced ticks under suitable climatic conditions. The
movement of ungulates infested with adultH.marginatum is also a potential route for tick
spreading, provided that the abiotic conditions are adequate to support permanent tick popula-
tions [21]. In its distribution range, H.marginatum is the main vector of Crimean-Congo hae-
morrhagic fever virus (CCHFV), but other species of the genusHyalomma are involved in the
virus transmission in other areas of Africa and Asia [14]. CCHFV is the second most wide-
spread of all medically important arboviruses after dengue and belongs to the genus Nairovirus
in the family Bunyaviridae [22]. It causes a potentially severe disease in humans with clinical
cases reported mainly in eastern Mediterranean region and central Asia, although the virus has
been recorded in ticks in countries of the western Mediterranean like Morocco and Spain [15].
The virus circulates in nature in a tick—vertebrate—tick cycle [14]. Humans are normally in-
fected through either the bite of an infected tick or the direct contact with a host or host tissues
infected with CCHFV during the acute phase of infection. Therefore, from a European perspec-
tive, it is important to gain information on the geographic areas that are suitable for the main
tick vector in the region and how abiotic suitability has changed based on historical records
of climate.
Correlative modeling has been preferred for capturing the climate niche of ticks, and a few
studies have addressed the probable changes in the range of some tick species according to re-
gional or continental climate trends [23]. However, correlative modeling does not allow exam-
ining the role played by each climatic variable on tick’s life cycle process. Instead, modeling
tick life cycle processes has been proposed as the most appropriate tool for inferring the re-
sponse of tick populations to the weather [24] because the impact of each abiotic variable on
every process can be evaluated. However, the complex life cycle of ticks has difficult the
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development of versatile models for assessing the relative impact of weather on its life cycle
[25–28], something that has been partially addressed by the use of the next generation matrix
and evaluation of the population-level basic reproductive ratio (R0) [29]. This index indicates
the ability of a disease to invade and spread through a naive population [30] and has been used
to describe the tendency of a population towards extinction or permanency based on the bal-
ance between reproductive and mortality processes [29,31]. Consequently, R0 determines the
threshold values at which the balance of the tick population changes from persistence to extinc-
tion. Nevertheless, calculation of R0 for ticks needs accurate hosts densities, something that is
missing when the methods are applied to large areas.
A model describing the life cycle development and mortality rates ofH.marginatum has
been built using data obtained in the laboratory under a range of controlled temperature and
humidity conditions, parameterized, and evaluated [32]. Such a model has been used to track
the expected impact of climate trends on the circulation of some pathogens transmitted by this
tick [33] and to complement previous studies [14] on the ability of the tick to disseminate in
Europe through the introduction by migratory birds from Africa [34]. This model captures the
development rate of the tick, the mortality during these periods, and a general estimation of
the survival of questing stages in the absence of host contacts as a function of time, tempera-
ture, and water availability. The model for H.marginatum is not intended to calculate R0 or es-
timate tick densities, because reliable estimates of host abundance cannot be obtained for large
regions. Tick mortality rates during the periods of host questing depend on the availability of
hosts and the lack of reliable estimates prevents its estimation. However, the life cycle model of
H.marginatum is able to objectively calculate the development and mortality rates of the tick
under a range of climate conditions, which renders a basic framework suitable for baseline eval-
uations of the effects of climate on the critical parameters of the tick's life cycle. A similar ap-
proach was used in previous research focused on the impact of climate on the basic
development and mortality processes in ticks [35].
We used this modeling framework to retrospectively assess the changes in the development
and mortality rates of H.marginatum in Europe during the period 1901–2009. The assessment
was built on a climate dataset of temperature and humidity with a spatial resolution of 0.5° at
monthly intervals [36]. The trends in the tick’s physiological processes (development and mor-
tality rates) were evaluated in Europe, where claims about an expansion of range [37] and in-
creased abundance [38] have been reported.
Material and Methods
Model development
We used an existing model aimed to capture the life cycle ofH.marginatum in its simplest pos-
sible terms [32]: interstadial development rates, including oviposition, incubation, and nymph-
al-adult molt, and mortality rates specific to each stage and state (questing, feeding, and
engorged). The model expresses the probability of ticks in each stage to advance to the next
stage and the mortality associated with that life cycle event. Briefly, ticks from laboratory colo-
nies were used to obtain basic parameters defining development and density-independent mor-
tality rates. The original colony was formed with 168 flat adults collected at different locations
in Spain (41.86°N, 0.78°W; 39.95°N, 4.11°E), Tunisia (36.51°N, 8.78°E), Italy (37.41°N,
13.64°E) and Morocco (33.81°N, 6.79°W). The tick F1 generation was the result of random
mating of these adults; F2 and F3 generations were used for model development. Giant New
Zealand Albino rabbits were used for tick feeding. Laboratory animals were housed and han-
dled in accordance with the European Communities Council Directive of 24 November 1986
(86/609/EEC) and with local laws and regulations.
Retrospective Effects of Climate on Tick's Physiological Fitness
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Tick development was modeled as a daily function of Temperature (T) and water vapour
deficit (VD) with day-degree and VD summations. The VD had a small but perceptible impact
on the variations of the development rates, which are commonly governed only by temperature
and has been therefore included in the equations. Although relative humidity is commonly
used to evaluate the mortality of tick development stages, the use of VD is preferable because it
defines better the environmental constraints of the tick in its environment [13] and that vari-
able has already been used in the development of life cycle simulation models for ticks [39]
Temperature was varied between 2°C and 32°C, at steps of 5°C, and VD between 2 and 26 hPa
at steps of 3 hPa. These variations include a range of unrealistic conditions, which were used
only to capture the upper and lower limits of the life cycle processes. Furthermore, not every
combination of T and VD was assayed, because high VD values cannot be obtained at low tem-
perature. Engorged females were placed in groups of 10 ticks to estimate the duration of pre-
oviposition, oviposition and incubation. Fifty engorged nymphs were used for each combina-
tion of environmental variables to estimate nymph to adult developmental rates. Mortality of
females, eggs and molting nymphs was estimated with the same groups as before, using the
same combination of T and VD. Ticks were examined daily to check for completion
of development.
Daily per-capita rates of tick survival were calculated with groups of 200 unfed larvae or 50
unfed adults each, 10 days after hatching or molting, and kept at constant T and VD regimes in
the laboratory. T varied from 10°C to 35°C and VD between 2 and 25 hPa. As mentioned be-
fore, this includes some unrealistic values, and not every combination of T and VD was as-
sayed. Mortality was checked at 5, 15, 30, 45, 60, 75 and 90 days. In all cases, observations were
stopped at 100% mortality.
All data were fitted to linear equations describing the effects of T and VD on developmental
rates, mortality of developing stages and survival rates of questing stages (see S1 Text). A sensi-
tivity analysis was performed in the original model development [32].
Modeling application
We applied the equations described above to obtain the development and mortality rates ofH.
marginatum in the period between the years 1901 and 2009 in the target territory (see S2 Text).
Climate data were obtained from the Climate Research Unit (CRU, University of East Anglia,
UK) and included data on temperature and relative humidity collected from climate stations
and interpolated to a common temporal and spatial framework (CRU TS 2.1) [36]. The dataset
covers the entire world with a time resolution of one month and spatial resolution of 0.5°. For
this study, we selected a territory from 69°N-10°W (top left corner) to 71°N-49°E (bottom
right corner), which covers Europe. We explicitly focused on this territory because it includes
the complete distribution range of the tick in its European Mediterranean range [32], as well as
other territories where the tick has been found occasionally [37,40,41]. While the tick species is
well known and commonly reported in northern Africa, the focus of this research was in Eu-
rope because of the concerns of ticks spreading to northern latitudes in this region and the un-
availability of standard landscape classifications for spatial disaggregation of the data (see
below) for northern Africa. The geographic background is displayed in Fig 1 with points mark-
ing the centre of each 0.5° grid cell for which weather conditions are available. The monthly
resolution of the original dataset was converted to 10 days intervals by simple spline interpola-
tion using the R development framework [42].
An annual development rate (DR) was calculated as the average of 10-days values given by
equations describing development. The index is a value between 0 and 100, and is proportional
to the development rates of the tick in one complete year. We also calculated an annual
Retrospective Effects of Climate on Tick's Physiological Fitness
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Fig 1. Definitions of the territory covered in this study. (A) The target territory of this study overlaid with the spatial distribution of the points for which
weather during the period 1901–2009 was used as an input for further modelling analyses. Historically, H.marginatum has been collected in the coloured
territory. (B) The division of the territory into climate domains as obtained from the LANMAP framework. The study is restricted to Europe. Therefore the
recorded distribution of the tick in northern Africa has been disregarded.
doi:10.1371/journal.pone.0125760.g001
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mortality rate for developing stages (MRD) as the average of 10-day values given by equations
describing such features. We also calculated a survival rate for questing stages (SRQ) as the av-
erage of 10-days values. The later indices have values between 0 and 100 and are proportional
to the mortality in the development periods or the survival of the different questing stages, re-
spectively. We decided to produce separate approaches for MRD and SRQ instead of calculat-
ing them as a single index because climate exerts differential regulation of the mortality in
development and questing processes [30].
Classifications of the territory according to physiological processes
Our results were summarized based on two spatial disaggregation of the target territory. Statis-
tical analyses of the trends of DR, MRD, or SRQ were conducted separately on two spatial do-
mains, the first representing the area where permanent populations ofH.marginatum have
been recorded in the last 30 years (the "positive zone", PZ) and the second representing the
area where no permanent populations of the tick have been recorded during the same period of
time (the "negative zone", NZ). The analysis was intended to examine if the two zones had dif-
ferent rates of change for the tick's physiological processes during the study period. The basic
spatial divisions were drawn from data in the literature [43] (Fig 1A).
A second spatial disaggregation was carried out according to a standard denomination of
ecological domains in the target territory [44]. LANMAP is a landscape classification of Europe
with several hierarchical levels, using data on climate, altitude, parent material and land use as
determinant factors. LANMAP has 350 landscape types at the most detailed level. We used the
first level of hierarchy, which shows the main climate domains in the target territory (Fig 1B).
The purpose was to capture the trend of the rates of change of the physiological processes of
the tick according to these standard ecoclimatic classifications in the target territory, in order
to determine if the trends of changes were different according to the ecosystems of
the territory.
We further interpreted the trends of changes of the tick physiological processes at time slices
in the period 1901–2009. The aim was to categorize the raw data derived from DR, MRD, and
SRQ, and derive a simple spatial ranking of the effects of the climate on the tick at different
time slices. However, there is not a direct way to translate the raw values of the model equations
into the threshold of mortality and development that limits the permanent populations of the
tick. The physiological meaning of DR, MRD, and SRQ was drawn from the reported distribu-
tion of the tick and the range of climate suitability from a previous correlative model [32]. This
allocated ranges of DR, MRD, and SRQ values into a set of categories: 1 (maximum tick perfor-
mance, highest probability of presence) to 5 (minimum tick performance, highest probability
of absence). The tick has been reported in categories 1 and 2, corresponding also with high val-
ues of climate suitability in correlative modeling. We therefore assumed that these categories
represent optimal and suboptimal conditions for the persistence of the tick. Permanent popula-
tions of the tick have been never reported in sites of categories 4 and 5, and minimum values of
the correlative modeling have been detected for these categories. These categories were as-
sumed to represent the worst conditions for tick survival. Category 3 has intermediate charac-
teristics and was assumed to represent a set of climate conditions where the tick is in its
physiological limit. The optimum number of categories was confirmed with a discriminant
analysis, using the Akaike information criterion: smaller or larger number of categories pro-
duced discriminant functions with less predictive power. Table 1 includes the complete details
of the split of the physiological processes of the tick into categories. Analyses during short peri-
ods of time hardly revealed a consistent pattern, obscured by the background noise usually
present in any biological data. The interval of 109 years was divided into five periods of 21
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years: 1901–1922, 1923–1944, 1945–1966, 1967–1988, and 1989–2009. Each interval of time
was classified with the criteria from the discriminant analysis over the 21 years averaged values
of DR, MRD and SRQ.
The values of the correlative suitability range from 0 to 100. Values of development, mortali-
ty of developing stages and survival of questing stages are yearly averaged values and range
from 0 to 100.
Risk assessment
We sought to detect the zones where the largest changes in the physiological rates of the tick
have been recorded and that overlap with zones of high host availability. The trends of faster
development and lower mortality over a given threshold are coherent with a pattern of greater
population turnover. Even in a suitable climate, ticks cannot persist in the absence of key hosts
that are often the main determinants of tick population density. If areas of suitable climate
overlap spatially with territories of great host availability, a high risk of either the persistence of
newly introduced ticks or severe overpopulation should be expected. This analysis was in-
tended to detect candidate areas for carrying out active tick surveys to either regularly check
for possible invasive events or supervise changes in the density of an already
established population.
This analysis has two basic steps, namely exposure and vulnerability. Exposure is inter-
preted here as the climate (abiotic) suitability for the tick: the exposure of a territory is higher
as the performance of the tick in the climate of such an area increases. Tick exposure is directly
proportional to the DR and SRQ and inversely proportional to the MRD. We considered expo-
sure to be proportional to the categories outlined in Table 1. Vulnerability represents the biotic
part of the tick’s life cycle and is proportional to the availability of suitable hosts, which permits
the development of the tick. Sites where high exposure and vulnerability overlap represents
zones where the requirements for tick survival and rapid turnover are met. Vulnerability de-
pends on the presence and abundance of vertebrate hosts [45]. In the case of H.marginatum,
empirical data [14,22] indicate that ruminants are the preferred hosts for tick adults. In addi-
tion, the highest turnover of the tick population is recorded in the passage from engorged fe-
males to larvae because of the high conversion rate for one female generating thousands of
potentially surviving larvae [24]. Therefore, we considered the density of ruminants as the fac-
tor regulating vulnerability to this tick in the target territory. Data on the density of domestic
ungulates in the target territory is available from the FAO ("Gridded distribution of livestock in
the World") and maps are available at a resolution of 1 sq km (http://www.fao.org/ag/againfo/
resources/en/glw/home.html, accessed December, 2011). It is well known thatH.marginatum
also feed on a wide range of wild ungulates [33]. However, the estimations of the spatial density
of wild ungulates are only partially available for Europe and thus this part of the risk
Table 1. Discrimination of five categories according to the development, mortality survival, andmortality ofHyalommamarginatum in the target
territory and classified as the reported presence/absence of the tick and climate suitability.
Category Presence/
absence
Climate (correlative)
suitability
Development
rate
Mortality rate of developing
stages
Survival rate of questing
stages
1 + >80 18.7 ± 1.4 22.6 ± 0.7 70 ± 11
2 + 40–80 14.7 ± 1.2 24.3 ± 0.6 51 ± 11
3 - 10–40 11.4 ± 0.8 25.7 ± 0.6 29 ± 17
4 - 1–10 9.0 ± 0.8 26.8 ± 0.4 16 ± 15
5 - <1 5.8 ± 1.1 27.9 ± 0.4 7 ± 5
doi:10.1371/journal.pone.0125760.t001
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assessment can only be produced on the expected abundance of domestic ruminants. The in-
clusion of the distribution and abundance of wild ruminants could change these calculations.
We developed a simple relationship between exposure and vulnerability, producing a classi-
fication of the territory from 0 (minimum) to 1 (maximum). We explored and defined the
fuzzy logic rules governing the link between exposure and vulnerability according to published
methods [14]. The relationships include the following minimum thresholds: 7 hosts/sq km,
0.0024 annual increase in the DR, 0.001 annual decrease in the MRD, and 0.0069 annual in-
crease in the SRQ. The combination of the minimum values resulted in a combined fuzzy value
of 0; the combination of the maximum values of these variables resulted in a value of 1 with lin-
ear growth. We divided the range of fuzzy values into five equal intervals and categories, name-
ly “very low” (0–0.2), “low” (0.2–0.4), “medium” (04–0.6), “high” (0.6–0.8), and “very high”
(0.8–1). This classification reflects the combination of critical values for survival and tick popu-
lation fitness based on both abiotic and abiotic variables.
Results
The trends in DR, MRD and SRQ during the period 1901–2009 were disaggregated for the sites
where the tick has been recorded as being present (PZ) or absent (NZ) (Fig 2). In the PZ, the
percentage change in DR, MRD and SRQ was 0.092%, -0.042% and 0.04% per year, respective-
ly. In the NZ, these values corresponded to 0.0082% (p = 0.005), -0.0026% (p = 0.005), and
0.03% (p<0.001) per year for the DR, MRD, and SRQ, respectively. Therefore, the rates of im-
provement in the critical physiological processes of the tick's life cycle were higher in the PZ
than in the NZ.
The average DR, MRD and SRQ forH.marginatum calculated during 1901–2009 and disag-
gregated according to the biogeographic domains in the target territory are shown in Fig 3. The
lowest values for DR and highest values for MRD were computed for areas with a cold climate
(i.e., Alpine, Arctic, Boreal, Continental, Nemoral, and Pannonian). SRQ values were lowest
for the Alpine, Arctic, Boreal, Continental, Nemoral, Pannonian, and Steppic areas. These re-
sults are consistent with the low temperature recorded in these domains, which promotes low
development/questing rates and, therefore, high mortality rates. The trends of change were not
the same for every domain. The calculated increase or decrease in the DR and MRD per year
were larger in areas of the Anatolian (0.016% and 0.025%, respectively), Lusitanian (0.018%
Fig 2. The annual change in developmental rates (DR), mortality rates of development (MRD), and
survival rates of questing stages (SRQ) of H. marginatum in the period 1901–2009.Data were
calculated and disaggregated for the areas where the tick is known to have permanent populations (positive
zone: PZ) or where the tick has not yet been collected (negative zone: NZ).
doi:10.1371/journal.pone.0125760.g002
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and 0.019%, respectively), and Mediterranean domains (0.012% and 0.006%, respectively).
However, the SRQ increased more in the Continental and Atlantic domains, with growth of
0.08% per year and 0.045% per year, respectively.
Fig 4 spatially summarises all of the above results, producing a classification of the target
territory into categories of suitability for H.marginatum, according to DR, MRD, and SRQ. In
these maps, areas marked as 1 and 2 have optimal and suboptimal climate suitability, respec-
tively, because they have the highest DR and SQR and lowest MRD. Categories 4 and 5 have
the lowest DR and SRQ and highest MRD. The minimum conditions for tick survival are not
supported in categories 4 and 5. Category 3 has intermediate characteristics, where ticks could
occasionally survive or molt, and should be considered a border category. Major changes were
observed in the western areas of the target territory, like the Iberian Peninsula and portions of
France, and to a lesser extent in the western portions of central Europe. Almost all of Central
Europe and Scandinavia remained unsuitable for the permanent survival of H.marginatum
during the period 1901–2009, but zones of adequate suitability appeared in parts of the Atlantic
coast of France. The largest improvement in climate suitability for the tick was observed during
the periods 1967–1988 and 1989–2009.
Fig 5 shows a combined evaluation of exposure to the tick (because of its climate-driven fit-
ness) and the vulnerability of the territory (because of the density of domestic ungulates). The
figure shows, as five levels of risk, the areas of the target territory where changes in the popula-
tion status of the tick should be expected. Such an evaluation should be interpreted with two
different perspectives: if the tick already has permanent populations, these areas are suggestive
of a high turnover of the tick populations; if these are territories where the tick has not yet been
established, they should be interpreted as areas where, if introduced, tick populations could
flourish because of adequate climate and host availability. In both cases, these territories should
be considered candidate areas for active surveys of the tick to assess its presence or changes
in density.
Discussion
We assessed changes in the developmental and survival rates of H.marginatum, a tick impor-
tant for public health, in a territory where its increased density or incidental introduction has
Fig 3. The annual change in developmental rates (DR), mortality rates of development (MRD), and survival rates of questing stages (SRQ) ofH.
marginatum in the period 1901–2009.Data were disaggregated for the climate domains outlined in Fig 1B.
doi:10.1371/journal.pone.0125760.g003
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been reported [37,40,41]. We further used these estimations to classify the target territory into
categories, demonstrating that the climate improved the physiological processes of the tick
along a latitudinal pattern during the period 1901–2009. The results presented in our assess-
ment are objective and coherent because they were obtained using equations describing the life
cycle processes. Therefore, the computed rates of change must be considered an objective eval-
uation of the impact of weather on the development and mortality of the tick, allowing a simple
but realistic estimation of how climate trends impacted these processes over a period of 109
years. We assumed that the response of the tick to the climate was the same across its geo-
graphic range and that the tick tracks its climate niche, as has been tested for other animals
[46,47], but this does not seem to be universal [48]. We also assumed that ticks do not habitu-
ate to new climate conditions, something that cannot be rejected by the empirical data available
for the modeling framework. However, Pearson and Dawson [4] speculated that novel environ-
ments could expose genetic variation in fitness, on which the response to natural selection de-
pends. Under these conditions of quick adaptation to newly appearing environments, the
Fig 4. Classification of the target territory into categories of suitability forH.marginatum. The five time
slices are shown in A-E classified according to the criteria in Table 1. A spatial summary of the rates of
change for the physiological processes ofH.marginatum during the complete period is included in F, in which
blue indicates areas that switched from categories 4 and 5 to category 3; yellow indicates a switch from
category 3 to 2; and red indicates a switch from category 2 to 1. The blue areas are territories where
introduction of the tick without further development of permanent populations could be sporadically detected.
The yellow areas are territories where conditions have changed enough to allow a positive turnover of the
tick, if introduced. The red areas must be interpreted as sites where the tick is already established and
conditions have improved, allowing the greatest population turnover.
doi:10.1371/journal.pone.0125760.g004
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response may be less unpredictable. However, the phenotypic plasticity of ticks to the weather
has not been explored.
The calculated rates of change in the life cycle processes of H.marginatum should not be di-
rectly translated into a higher abundance of ticks. Such rates of change may be greater in areas
where the current climate suitability for the tick is very low, such as parts of Scandinavia, pre-
venting its survival even at these unprecedentedly high rates of change. For a population per-
sisting in a particular habitat, its mean absolute outcome must be adequate to replace itself
over generations. Therefore, an adequate assessment must evaluate both the rates of change
and the actual values for development and mortality to characterize the epidemiological status
of an area and the expected turnover of the tick populations. Public health decision-making
routinely requires the consideration of complex factors beyond the geographic distribution and
determinants of disease risk [45]. Modeled results of the tick's physiological processes cannot
be directly translated into maps of expected abundance. Thus, we assayed a classification of the
target territory into simple categories. The strengths of this approach are not only its ability to
help reconcile conflicting values and find a consensus decision among differing perspectives
[49–52], but also its utility as a tool for understanding the issues at stake and inherent to the de-
cision-making process itself [45].
Our results show a trend towards improved tick’s life cycle along a latitudinal gradient.
However, the improvement is not linear in the time. The change was higher during the periods
1901–1922 and 1989–2009, and these findings are in line with other conclusions about the un-
precedented rate of climate change in the last few decades [53–56]. The modeled impact of the
climate on the developmental and survival rates ofH.marginatum is higher in the area where
the tick has been reported historically, probably because the trend towards higher temperature
and lower relative humidity reported in the region [55,56]. However, results derived from the
model predicted that large regions in the Atlantic domain might have experience increases in
the development rate of up to 60%-80% and a more than 80% increase in the survival rates
Fig 5. Evaluation of the target territory based on the trend of the change in the tick’s physiological
processes over the period of study (exposure) and the density of domestic ruminants as hosts for
adults (vulnerability). The map is intended to indicate the candidate areas where active surveys should be
performed to check for changes in the tick’s population status.
doi:10.1371/journal.pone.0125760.g005
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during developing and questing stages, which could be driven by a pronounced trend in tem-
perature increase in the last 20–30 years [54–56]. These values are important because they refer
to areas where the tick has been recorded sporadically during the past few years. This finding
conciliates such records, which are probably accidental introductions, with claims of the effects
of climate on the tick and contributes to supporting the affirmations that abiotic conditions are
improving for H.marginatum in parts of Europe. Large areas in western and central Europe
and the Balkans underwent significant improvements in the performance of H.marginatum,
but at different rates. The DR and MDR are improving in Western Europe, whereas SQR is im-
proving in areas of the Balkans, which is in line with previous reports [57]. Nevertheless, these
improvements in the tick’s life cycle outcomes seem to be below the critical threshold necessary
for the successful establishment of permanent tick populations given the criteria adhered to in
this study. These trends seem to be operated by different drivers, i.e. while mean temperature is
increasing in Western Europe, autumn and winters are consistently warmer in the last 15–25
years in the Balkans [57]. Our results have a point of uncertainty because the obvious simplifi-
cations assumed in the modeling approach. In example, no daylight-dependent diapause has
been assumed (something that has not been addressed in the field) and we disregarded an esti-
mation of abundance of the tick. The recorded increase of temperature in some regions could
play a negative effect on the survival of questing stages. Interestingly, we only found partial spa-
tial agreement between previous developments using correlative modeling [23,33,58] and the
process-driven evaluations addressed in this paper, a point already addressed for other organ-
isms [59].
The results suggest that the populations of H.marginatummay experience large changes in
abundance at sites that have already been colonized, like most of the Iberian Peninsula, where a
high abundance of hosts may produce a quick turnover of the population. The results also sug-
gest that active surveys should be routinely carried out at specific points in Europe, where both
weather conditions and host availability may provide an adequate background for the success-
ful establishment of ticks in the case of introduction. However, we only included the density of
domestic ungulates, which are common hosts forH.marginatum adults [41], as a driver of the
estimation, but wild ungulates can feed large numbers of Hyalomma ticks [18]. A reliable map
of the density of wild ungulates in a large territory like Europe is currently lacking. Because our
estimation of areas to address with active surveys to estimate the turnover of Hyalomma ticks
is driven by climate and domestic host availability, such an approximation could change after
re-evaluation of the role, density, and movements of wild ungulates at such critical places in
the target territory.
Conclusions
This study demonstrated that the long-term climate trends have affected the rates of the life
cycle processes ofH.marginatum, and that the changes over the last few decades are unprece-
dentedly large. The risk of successfully establishing populations at northern latitudes seems to
be low, even if the improvement in tick physiological processes has been exceptionally high at
northern latitudes but still below a critical threshold. The present study resulted in a framework
for assessing the spatial range that may be affected by the impact of climate on the life cycle
rates of a health-threatening arthropod. The results produced a homogenizing framework that
can incorporate data from a variety of sources and accommodate other vectorial systems; re-
sults are ascribed to recognized ecological regions over the target territory, facilitating descrip-
tion and categorization. There is an open field for investigating the effects of future climate
scenarios on the physiological rates in the tick’s life cycle. Such active surveys and risk assess-
ments are currently lacking for medically important ticks in the territory of reference.
Retrospective Effects of Climate on Tick's Physiological Fitness
PLOS ONE | DOI:10.1371/journal.pone.0125760 May 8, 2015 12 / 16
Supporting Information
S1 Text. Equations used to calculate the development rates, mortality rates of development
stages and survival rates of questing stages.
(DOCX)
S2 Text. R script with the equations to calculate the life cycle development, mortality and
survival rates ofHyalomma marginatum.
(DOCX)
Acknowledgments
Part of this work was supported by EU FP7 ANTIGONE project number 278976. Parts of this
work were conducted in the framework of the EurNegVec COST Action TD1303. Climate data
were obtained from the Climatic Research Unit, University of East Anglia (United Kingdom).
Author Contributions
Conceived and designed the experiments: AEP. Performed the experiments: AEP CO TL JF.
Analyzed the data: AEP CO JF. Contributed reagents/materials/analysis tools: AEP JF TL CO.
Wrote the paper: AEP CO JF.
References
1. TabachnickWJ (2010) Challenges in predicting climate and environmental effects on vector-borne dis-
ease episystems in a changing world. J Exp Biol 213: 946–954. doi: 10.1242/jeb.037564 PMID:
20190119
2. Patz JA, Hahn MB (2013) One Health: The Human-Animal-Environment Interfaces in Emerging Infec-
tious. Dis Cur Topics Microbiol Immunol 366: 141–171. doi: 10.1007/82_2012_274 PMID: 23160860
3. Altizer S, Ostfeld SR, Johnson PT, Kutz S, Harvell CD (2013) Climate change and infectious diseases:
From evidence to a predictive framework. Science 341: 514–519. doi: 10.1126/science.1239401
PMID: 23908230
4. Pearson RG, Dawson TP (2003) Predicting the impacts of climate change on the distribution of species:
are bioclimate envelope models useful?. Global Ecol Biogeogr 12: 361–371.
5. Peterson AT, Martínez-Campos C, Nakazawa Y, Martínez-Meyer E (2005) Time-specific ecological
niche modeling predicts spatial dynamics of vector insects and human dengue cases. Trans Royal Soc
Trop Med Hyg 99: 647–655. PMID: 15979656
6. Peterson AT (2006) Ecologic niche modeling and spatial patterns of disease transmission. Emerging
Infect Dis 12: 1822. PMID: 17326931
7. Ostfeld RS, Glass GE, Keesing F (2005) Spatial epidemiology: an emerging (or re-emerging) discipline.
Trends Ecol Evol 20: 328–336. PMID: 16701389
8. Ogden NH, St-Onge L, Barker IK, Brazeau S, Bigras-Poulin M, Charron DF, et al. (2008) Risk maps for
range expansion of the Lyme disease vector, Ixodes scapularis, in Canada now and with climate
change. Int J Health Geogr 7: 24. doi: 10.1186/1476-072X-7-24 PMID: 18498647
9. Jaenson TG, Eisen L, Comstedt P, Mejlon HA, Lindgren E, Bergström S, et al. (2009) Risk indicators
for the tick Ixodes ricinus and Borrelia burgdorferi sensu lato in Sweden. Med Vet Entomol 23:
226–237. doi: 10.1111/j.1365-2915.2009.00813.x PMID: 19712153
10. Randolph SE (2009) Tick-borne disease systems emerge from the shadows: the beauty lies in molecu-
lar detail, the message in epidemiology. Parasitol 136: 1403–1413.
11. Medlock JM, Hansford KM, Bormane A, Derdakova M, Estrada-Peña A, George JC, et al. (2013) Driv-
ing forces for changes in geographical distribution of Ixodes ricinus ticks in Europe. Parasites & Vectors
6: 1–11.
12. Strey OF, Teel PD, Ring DR, Longnecker MT (1991). Modeling embryo development and emergence
of Boophilus annulatus (Acari: Ixodidae). J Med Entomol 28: 165–173. PMID: 2033609
13. Perret JL, Guigoz E, Rais O, Gern L (2000). Influence of saturation deficit and temperature on Ixodes
ricinus tick questing activity in a Lyme borreliosis-endemic area (Switzerland). Parasitol Res 86:
554–557. PMID: 10935905
Retrospective Effects of Climate on Tick's Physiological Fitness
PLOS ONE | DOI:10.1371/journal.pone.0125760 May 8, 2015 13 / 16
14. Gale PJ, Estrada-Peña A, Martinez M, Ulrich RG, Wilson A, Capelli G, et al. (2010) The feasibility of de-
veloping a risk assessment for the impact of climate change on the emergence of Crimean-Congo hae-
morrhagic fever in livestock in Europe: a Review. J Appl Microbiol 108: 1859–1870. doi: 10.1111/j.
1365-2672.2009.04638.x PMID: 20015209
15. Bente DA, Forrester NL, Watts DM, McAuley AJ, Whitehouse CA, Bray M (2013) Crimean-Congo hem-
orrhagic fever: History, epidemiology, pathogenesis, clinical syndrome and genetic diversity. Antiviral
Res 100: 159–189. doi: 10.1016/j.antiviral.2013.07.006 PMID: 23906741
16. Apanaskevich DA, Horak IG (2008) The genusHyalomma Koch, 1844: V. Re-evaluation of the taxo-
nomic rank of taxa comprising the H. (Euhyalomma) marginatum Koch complex of species (Acari: Ixodi-
dae) with redescription of all parasitic stages and notes on biology. Int J Acarol 34: 13–42.
17. Estrada-Peña A, Osacar JJ, Gortazar C, Calvete C, Lucientes J (1992) An account of the ticks of the
northeastern of Spain (Acarina: Ixodidae). Annals Parasitol Hum et Comp 67: 42–49. PMID: 1290375
18. Ruiz-Fons F, Fernández-de-Mera IG, Acevedo P, Höfle U, Vicente J, de la Fuente J, et al. (2006) Ixodid
ticks parasitizing Iberian red deer (Cervus elaphus hispanicus) and European wild boar (Sus scrofa)
from Spain: Geographical and temporal distribution. Vet Parasitol 140: 133–142. PMID: 16675125
19. Emelyanova IN (2005) Seasonal changes and host adaptability of ticks of the speciesHyalommamar-
ginatum in the Stavropol territory. Zurnal Mikrobiologii, epidemiologii I immunobiologii 4: 115–118 (in
Russian). PMID: 16146244
20. Hoogstraal H, Kaiser MN, Traylor MA, Gaber S, Guindy E (1961) Ticks (Ixodidea) on birds migrating
from Africa to Europe and Asia. Bull World Health Org 24: 197–212. PMID: 13715709
21. Gray JS, Dautel H, Estrada-Peña A, Kahl O, Lindgren E (2009) Effects of climate change on ticks and
tick-borne diseases in Europe. Interdisciplinary perspectives on infectious diseases, Article ID 593232.
doi: 10.1155/2009/593232 12 p. PMID: 19277106
22. Ergonul O, Whitehouse CA (2007) Introduction. In: Crimean-Congo hemorrhagic fever. A global per-
spective (Ergonul andWhitehouse, eds.), 3–13. Springer, The Netherlands. pp: 3–13.
23. Estrada-Peña A, Venzal JM (2007) Climate niches of tick species in the Mediterranean region: Model-
ling of occurrence data, distributional constraints, and impact of climate change. J Med Entomol 44:
1130–1138. PMID: 18047215
24. Randolph S, Ergönül Ö (2008) Crimean-Congo hemorrhagic fever: exceptional epidemic of viral hemor-
rhagic fever in Turkey. Future Virology 3: 303–306.
25. Randolph SE, Green RM, Hoodless AN, Peacey MF (2002) An empirical quantitative framework for the
seasonal population dynamics of the tick Ixodes ricinus. Int J Parasitol 32: 979–989. PMID: 12076627
26. Ogden NH, Bigras-Poulin M, O'callaghan CJ, Barker IK, Lindsay LR, Maarouf A, et al. (2005) A dynamic
population model to investigate effects of climate on geographic range and seasonality of the tick
Ixodes scapularis. Int J Parasitol 35: 375–389. PMID: 15777914
27. Dobson AD, Finnie TJ, Randolph SE (2011) A modified matrix model to describe the seasonal popula-
tion ecology of the European tick Ixodes ricinus. J Appl Ecol 48: 1017–1028.
28. Estrada-Peña A, Estrada-Sánchez D (2014) Deconstructing Ixodes ricinus: a partial matrix model al-
lowing mapping of tick development, mortality and activity rates. Med Vet Entomol 28: 35–49. doi: 10.
1111/mve.12009 PMID: 23550708
29. Hartemink NA, Randolph SE, Davis SA, Heesterbeek JPA (2008) The Basic Reproduction Number for
Complex Disease Systems: Defining R0 for Tick-Borne Infections. American Nat 171: 743–754. doi:
10.1086/587530 PMID: 18462128
30. Tildesley MJ, Keeling MJ (2009) Is R0 a good predictor of final epidemic size: Foot-and-mouth disease
in the UK. J Theor Biol 258: 623–629. doi: 10.1016/j.jtbi.2009.02.019 PMID: 19269297
31. Diekmann O, Heesterbeek JA, Metz JA (1990) On the definition and the computation of the basic repro-
duction ratio R0 in models for infectious diseases in heterogeneous populations. J Math Biol 28:
365–382. PMID: 2117040
32. Estrada-Peña A, Martínez Avilés M, Muñoz Reoyo MJ (2011) A population model to describe the distri-
bution and seasonal dynamics of the tick Hyalommamarginatum in the Mediterranean Basin. Trans-
bound Emerg Dis 58: 213–223. doi: 10.1111/j.1865-1682.2010.01198.x PMID: 21223534
33. Estrada-Peña A, Ruiz-Fons F, Acevedo P, Gortazar C, de la Fuente J (2013) Factors driving the circula-
tion and possible expansion of Crimean—Congo haemorrhagic fever virus in the western Palearctic. J
Appl Microbiol 114: 278–286. doi: 10.1111/jam.12039 PMID: 23061817
34. Bosch J, Muñoz MJ, Martínez M, De la Torre A, Estrada-Peña A (2012) Vector-borne pathogen spread
through ticks on migratory birds: A probabilistic spatial risk model for south-western Europe. Trans-
bound Emerg Dis 60: 403–415. doi: 10.1111/j.1865-1682.2012.01358.x PMID: 22781365
35. Sutherst RW, Maywald GF, Russell BL (2000). Estimating vulnerability under global change: modular
modelling of pests. Agric Ecosyst Environ 82: 303–319.
Retrospective Effects of Climate on Tick's Physiological Fitness
PLOS ONE | DOI:10.1371/journal.pone.0125760 May 8, 2015 14 / 16
36. Mitchell TD, Jones PD (2005) An improved method of constructing a database of monthly climate ob-
servations and associated high-resolution grids. Int J Climatol 25: 693–712.
37. Nijhof AM, Bodaan C, Postigo M, Nieuwenhuijs H, Opsteegh M, Franssen L, et al. (2007) Ticks and as-
sociated pathogens collected from domestic animals in the Netherlands. Vector Borne Zoon Dis 7:
585–595. PMID: 17979540
38. Vescio FM, Busani L, Mughini-Gras L, Khoury C, Avellis L, Taseva E, et al. (2012) Environmental corre-
lates of Crimean-congo haemorrhagic fever incidence in Bulgaria. BMC Public Health 12: 1116. doi:
10.1186/1471-2458-12-1116 PMID: 23270399
39. Mount GA, Haile DG, Daniels E (1997). Simulation of management strategies for the blacklegged tick
(Acari: Ixodidae) and the Lyme disease spirochete, Borrelia burgdorferi. J Med Entomol 34: 672–683.
PMID: 9439122
40. Hasle G, Bjune G, Edvardsen E, Jakobsen C, Linnehol B, Røer JE, et al. (2009) Transport of ticks by
migratory passerine birds to Norway. J Parasitol 95: 1342–1351. doi: 10.1645/GE-2146.1 PMID:
19658452
41. Hornok S, Horvath G (2012) First report of adult Hyalommamarginatum rufipes (vector of Crimean—
Congo haemorrhagic fever virus) on cattle under a continental climate in Hungary. Parasites & Vectors
5: 170.
42. R Core Team (2013) A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. Available: http://www.R-project.org/. doi: 10.3758/s13428-013-0330-5
PMID: 23519455
43. Estrada-Peña A, Farkas R, Jaenson TG, Koenen F, Madder M, Pascucci I, et al. (2013) Association of
environmental traits with the geographic ranges of ticks (Acari: Ixodidae) of medical and veterinary im-
portance in the western Palearctic. A digital data set. Exp Appl Acarol 59: 351–366. doi: 10.1007/
s10493-012-9600-7 PMID: 22843316
44. Mücher CA, Klijn JA, Wascher DM, Schaminée JH (2010) A new European Landscape Classification
(LANMAP): A transparent, flexible and user-oriented methodology to distinguish landscapes. Ecologi-
cal Indicators 10: 87–103.
45. Hongoh V, Gatewood Hoen A, Aenishaenslin C, Waaub JP, Bélanger D, Michel P (2011) Spatially ex-
plicit multi-criteria decision analysis for managing vector-borne diseases. International Journal of
Health Geographics 10: 70. Available: http://www.ij-healthgeographics.com/content/10/1/70. Accesed
May 3rd, 2013. doi: 10.1186/1476-072X-10-70 PMID: 22206355
46. Evans ME, Smith SA, Flynn RS, Donoghue MJ (2009) Climate, Niche Evolution, and Diversification of
the “Bird‐Cage” Evening Primroses (Oenothera, Sections Anogra and Kleinia). The American Naturalist
173: 225–240. doi: 10.1086/595757 PMID: 19072708
47. Tingley MW, MonahanWB, Beissinger SR, Moritz C (2009) Birds track their Grinnellian niche through a
century of climate change. Proc Nat Acad Sci 106 (Supplement 2): 19637–19643. doi: 10.1073/pnas.
0901562106 PMID: 19805037
48. Gravel D, CanhamCD, Beaudet M, Messier C (2006) Reconciling niche and neutrality: the continuum
hypothesis. Ecology Letters, 9: 399–409. PMID: 16623725
49. Kiker GA, Bridges TS, Varghese A, Seager TP, Linkov I (2005) Application of multicriteria decision
analysis in environmental decision making. Integrated Environ Assess Manag 1: 95–108. PMID:
16639891
50. Gilliams S, Raymaekers D, Muys B, Van Orshoven J (2005) Comparing multiple criteria decision meth-
ods to extend a geographical information system on afforestation. Computers and Electronics in Agri-
culture 49: 142–158.
51. Ellis JB, Deutsch JC, Mouchel JM, Scholes L, Revitt MD (2004) Multicriteria decision approaches to
support sustainable drainage options for the treatment of highway and urban runoff. Science Total Envi-
ron 334–335: 251–260.
52. Baltussen R, Niessen L (2006) Priority setting of health interventions: the need for multi-criteria decision
analysis. Cost Effectiveness and Resource Allocation 4: 14. PMID: 16923181
53. Schönwiese CD, Rapp J (1997) Climate trend atlas of Europe-based on observations 1891–1990.
Kluwer Academic Publishing, Dordrecht, Germany. 228 p.
54. Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate change impacts across natural
systems. Nature 421: 37–42. PMID: 12511946
55. Badeck FW, Bondeau A, Böttcher K, Doktor D, Lucht W, Schaber J, et al. (2004) Responses of spring
phenology to climate change. New Phytologist 162: 295–309.
56. Patz JA, Campbell-Lendrum D, Holloway T, Foley JA (2005) Impact of regional climate change on
human health. Nature 438: 310–317. PMID: 16292302
Retrospective Effects of Climate on Tick's Physiological Fitness
PLOS ONE | DOI:10.1371/journal.pone.0125760 May 8, 2015 15 / 16
57. IPCC (2013) Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Stocker TF et al
(eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, 1535 pp,
doi: 10.1017/CBO9781107415324
58. Estrada-Peña A, Sánchez N, Estrada-Sánchez A (2012) An assessment of the distribution and spread
of the tick Hyalommamarginatum in the western Palearctic under different climate scenarios. Vector-
Borne and Zoon Dis 12: 758–768. doi: 10.1089/vbz.2011.0771 PMID: 22448680
59. Morin X, Thuiller W (2009) Comparing niche-and process-based models to reduce prediction uncertain-
ty in species range shifts under climate change. Ecology 90: 1301–1313. PMID: 19537550
Retrospective Effects of Climate on Tick's Physiological Fitness
PLOS ONE | DOI:10.1371/journal.pone.0125760 May 8, 2015 16 / 16
